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Abstract
The feasibility of calcium carbonate cements involving the recrystallisation of metastable
calcium carbonate varieties has been demonstrated. Calcium carbonate cement compositions
presented in this paper can be prepared straightforwardly by simply mixing water (liquid
phase) with two calcium carbonate phases (solid phase) which can be easily obtained by
precipitation. An original cement composition was obtained by mixing amorphous calcium
carbonate and vaterite with an aqueous medium. The cement set and hardened within 2 hours
at 37°C in an atmosphere saturated with water and the final composition of the cement
consisted mostly of aragonite. The hardened cement was microporous and showed poor
mechanical properties. Cytotoxicity tests revealed excellent cytocompatibility of calcium
carbonate cement compositions. Calcium carbonates with a higher solubility than the
marketed calcium phosphate cements might be of interest to increase biomedical cement
resorption rates and to favour its replacement by bone tissue.
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Introduction
Filling bone defects with materials generating resorption activity and leading to neoformed
bone tissue is one of the main subjects of concern for orthopaedic and dental surgery
specialists. Many surgeons use bone hetero- or autografts or implants of natural origin (coral
for example) [1-6]. However, supply difficulty, biological variability and viral or bacterial
contamination risks are major drawbacks [6-7]. In order to solve the problems inherent to
substitution with natural biomaterials, synthetic materials have been developed as biomedical
ceramics and cements [8].
The fast-setting biomedical ionic cements have emerged as an attractive concept essentially
for bone filling and reinforcement biomaterials. Calcium phosphate (CaP) bone cements have
developed considerably in the last few years due to their excellent biocompatibility and
bioactivity properties and also ease of use especially as an injectable paste [9-17]. Several
types of reaction can be involved in CaP biomimetic cements and most of them lead to apatite
with varying degrees of crystallisation and carbonate contents [18]. However, one of the main
challenges is to reach higher rates of resorption and an improvement of bone formation.
Considering that the biological resorption of bone substitute materials is generally related to
the solubility of their constituting phase(s), brushite cements or associations of CaP with more
soluble mineral compounds (calcium sulfate for example) seemed to offer interesting cement
compositions to improve and adapt the cement resorption properties [19-20]. Furthermore
calcium carbonate could be an interesting candidate to prepare cement with improved
biodegradation rates due to its higher solubility compared to apatite [21-23]. Although some
CaP cements containing a low proportion of calcium carbonate have already been proposed,
the feasibility of cement composition entirely consisting of calcium carbonates opens new
possibilities which have not yet been exploited [11, 24-26].
Three crystalline and one amorphous phases of anhydrous calcium carbonates are encountered
in nature: calcite (C), aragonite (Ar), vaterite (V) and amorphous calcium carbonate (ACC)
[27-28]. The most thermodynamically stable phase is calcite followed by aragonite and
vaterite [21]. Natural calcium carbonate from certain corals and nacre present the aragonite
structure. Nacre and coral-based bone substitutes have been shown to be biocompatible and
bioactive biomaterials and they have been used for more than 20 years as powders, porous
ceramics or gels [1-6, 29-31]. Many in vivo studies reported that calcium carbonate-based
macroporous bioceramics, prepared by physical-chemical treatment of coral, promote bone
ingrowth and resorption [1, 32-33]. However a balance between osteogenesis and biomaterial
resorption is crucial to obtain good clinical results and parameters such as implant porosity,
size and association with growth factor, bone specific protein and/or cells can be involved to
adapt implant biodegradability [3, 5, 34-39]. The mechanical properties of coral-based graft
substitute remain poor and implant rejection can occur probably due to the presence of
organic matter residue [7, 40]. Although several attempts have been made to produce
synthetic calcium carbonate bioceramics, sintering proves to be difficult and calcium
carbonate cements, prepared by mixing calcium carbonate phases with an aqueous medium,
offer an interesting way to prepare low-temperature bioceramics [41-42]. Cements, unlike
sintered materials and natural materials can easily be associated with active biological
molecules (specific proteins, antibiotics...) [43-44].
The feasibility of calcium carbonate-based cements has been recently demonstrated [45-46].
The work presented herein is a preliminary study on new type of bone cement made solely of
calcium carbonate phases. The calcium carbonate cement concept is based on the reactivity of
biphasic mixtures of calcium carbonate powders comprising metastable phases: one highly
reactive amorphous phase and a metastable crystalline phase that can serve as seeds and orient
their (re)crystallisation into a more stable calcium carbonate crystalline phase in the presence
of small amounts of aqueous medium. Preparation of synthetic calcium carbonate-based
cements thus requires the synthesis of pure calcium carbonate polymorphs that can be
involved in initial, transient or final cement composition. Several protocols for calcium
carbonate polymorphs (calcite, aragonite and vaterite) synthesis and studies on their formation
and transformation have been reported [47-52].
FTIR spectroscopy and X-ray diffraction were used to check the purity of the initial calcium
carbonate powders and also the composition of the calcium carbonate cements during setting
and hardening. Setting kinetics and mechanical properties of calcium carbonate cements were
also investigated. Finally, the cytotoxicity of each cement final composition was evaluated.
Materials and Methods
Preparation and characterisation of powders
Calcium carbonate crystalline phases were prepared by double decomposition between a
calcium chloride solution and a sodium carbonate solution at 100°C giving aragonite and at
30°C giving vaterite.
In this preliminary work, one of the problems was to prepare pure amorphous calcium
carbonate phase. Unlike amorphous calcium phosphate which can be easily obtained by
precipitation, amorphous calcium carbonate crystallises rapidly and, in the absence of
stabilising ions (ACC1 preparation), a mixture of metastable calcium carbonates consisting of
ACC associated with some vaterite and calcite is obtained (data not shown). A new synthesis
protocol of pure amorphous calcium carbonate (ACC2) was set up which is based on the
introduction of magnesium ions in the cationic solution used for ACC precipitation by double
decomposition. Mg2+ is known as a crystallisation inhibitor and especially as amorphous
calcium carbonate stabiliser [53]. Amorphous calcium carbonate was rapidly prepared from a
calcium chloride solution including strontium (ACC1) or magnesium (ACC2) chloride and a
sodium hydrogencarbonate solution at ambient temperature. After filtration and washing, the
precipitates were lyophilised and the powders stored in a freezer.
Preparation of cement
The cement powders were made up of a mixture of metastable calcium carbonate phases (see
Table 1). The cement paste was obtained by mixing the powders with an appropriate amount
of liquid phase (either deionised water or a sodium chloride solution: 0.9% w/w). We chose to
test the use of isotonic solution (0.9 % (w/w) NaCl solution) as it is already the liquid phase
of some cements (like alpha-BSM®) and because it could open the possibility to use blood
serum as liquid phase. Moreover, the possibility to prepare CaCO3 cements with the patient’s
blood could have interesting advantages in adding active components to the cement (platelets,
proteins, growth factors ...) [45].
The wet paste was placed in a sealed container saturated with H2O at 37°C for setting and
hardening. The maturation of cement in vitro in an atmosphere saturated with water can be
compared to that occurring in vivo in contact with biological tissues.
All the powders synthesised and the cement prepared were characterised by transmission
FTIR spectroscopy from KBr pellets (Perkin Elmer FTIR 1600 spectrometer) and X-ray
diffraction (Inel CPS 120 diffractometer) using a Co anticathode. Observation of cements by
scanning electron microscopy (SEM) was carried out using a Leo 435 VP microscope. Small
pieces of hardened and dried cement samples were placed and fixed on a support with double
faced carbon tape.
FTIR quantitative analysis for the study of cement maturation
When studying a novel cement, it is important to have qualitative and quantitative data to
identify the reaction involved in the cement setting and hardening processes and to quantify
the transformation kinetics. Several analytical investigations to simultaneously quantify
vaterite and aragonite polymorphs which are precursors of the most stable calcium carbonate
crystalline phase, i.e. calcite, are reported in the literature [54]. According to the work of
Dickinson and Mc Grath the quantitative detection limits in binary and ternary calcium
carbonate mixtures were lower for powder X-ray diffraction analysis than for Raman and IR
spectroscopic analysis whereas for Kontoyannis and Vagenas, lower detection limits were
obtained for Raman spectroscopy compared to powder XRD analysis [55-56]. It should be
noticed that the accuracy of X-ray diffraction analysis depends strongly on the crystallinity of
the carbonate phases whereas vibrational spectroscopies are less sensitive to this parameter.
FTIR spectroscopy appeared as a simple and accurate technique to identify and quantify
calcium carbonate polymorphs. Most of the IR methodologies presented in the literature were
restricted to binary mixture probably because of overlapping bands for vaterite, aragonite and
calcite. Recently, Vagenas et al. presented a FTIR method to quantitatively discriminate
between calcite, aragonite and vaterite in a ternary mixture [57]. Their methodology is based
on the deconvolution of the various polymorphs ν4CO3 band but it should be noticed that the
intensity of the absorption bands remains very low in this domain. However, a decrease of the
broad band characteristic of vaterite at 745 cm-1 and an increase of the sharp bands at 713 cm-
1
 and 700 cm-1 assigned to aragonite were clearly observed on the spectra of the evolving
calcium carbonate cements (data not presented).
We propose here a method for aragonite quantification in aragonite-vaterite mixtures based on
the decomposition of the ν2CO3 band. The quantitative evaluation of aragonite content by
FTIR spectroscopy was performed by curve-fitting in the ν2CO3 domain (940-800 cm-1) using
Grams/32 software (Galactic Industries Corporation). In this domain aragonite and vaterite
showed a sharp and intense absorption band at 855 cm-1 and 875 cm-1 respectively. However,
the method proposed cannot be used for simultaneous discrimination of the three calcium
carbonate polymorphs and for aragonite quantification in ternary mixtures (i.e. calcite,
aragonite and vaterite mixtures) as calcite and vaterite both show a band around 875 cm-1.
Further investigation into this method of analysis needs to be performed to determine the
aragonite detection limit and relative error in the proportion of aragonite (in w/w %)
calculated for the binary mixture.
All the IR spectra were decomposed with the same parameters according to the following
protocol. First, a baseline correction was performed on each spectrum. Peak positions and
some curve parameters (lorentzian peaks) were set and used as initial input in a curve-fitting
program. Iterations were continued until the best fit was obtained. The output of this analysis
was expressed as relative peak area and peak position. From these decomposition results, we
calculated the ratio of aragonite peak area to the total ν2CO3 band area. Figure 1a shows an
example of decomposition of the ν2CO3 band into two main sub-bands at 875 cm-1 and 855
cm-1 respectively assigned to vaterite and aragonite.
A calibration curve was built from standard mixtures of aragonite and vaterite (15 %, 25 %,
50 %, 75 % aragonite w/w) whose spectra were decomposed according to the procedure
detailed above, see figure 1b. A good correlation (r = 0.9993) between the experimental
points (from 15% to 75 % (w/w) of aragonite) was obtained.
In order to follow up, step by step, the variations of the cement composition during setting
and hardening, samples of (ACC2+V) cement prepared with water were freeze dried to stop
their maturation after different periods of time. The samples were then analysed by FTIR
spectroscopy and their spectra decomposed according to the procedure detailed above.
Setting time and compressive strength
The setting rate of the cement was followed with a TA–XT2 Texture Analyser fitted with a
cylindrical needle (0.7 mm in diameter). It was considered that the cement had set when the
paste developed a resistance to needle penetration of over 600 g/mm2.
The compressive strength of the cement was evaluated using a Hounsfield Series S apparatus.
The cement  paste was placed in a cylindrical mould (height / diameter ratio ≅ 2 and diameter
equal to 10.5 mm) and packed tightly to eliminate air bubbles trapped in the paste. After
setting and hardening of the paste placed at 37°C in a sealed container saturated with water
for 1 day, the hardened cement was withdrawn from the container and left to dry for 1 week at
37°C. The cement was then removed from the mould and the compressive test performed.
Indirect cytotoxicity study
Cytoxicity tests are essential before in vivo evaluation of new bioceramics. The indirect
cytotoxicity evaluation of calcium carbonate cement compositions was assessed by an
extraction method according to NFEN30993-5 ISO 10993-5 [58-59]. Osteoprogenitor cells
obtained from human bone marrow, according to Vilamitjana-Amédée et al. with some
modifications, were used for testing the extracts and cultured in Iscove Modified Dulbecco's
Medium (IMDM, Sigma Aldrich, France) containing 10% foetal calf serum (FSC, Sigma,
France) [60]. The cells were seeded at a density of 40 000 cells/cm2 in 96-well microtiter
plates (Nunc, Denmark) and the culture was maintained at 37°C for 96 h after cell plating. At
subconfluency the medium was replaced by the material extraction vehicle. To obtain
extraction vehicles, fragments of sterile hardened cement were immersed in IMDM. The ratio
of the sample surface area to the volume of the vehicle was 5 cm2/ml. Extractions were
performed in borosilicate glass tubes at 37°C for 120 h without stirring according to the
standard procedures. Borosilicate tubes containing identical extraction vehicles with either no
material or a solution of phenol at a concentration of 6.4 g/l (known to be cytotoxic) were
processed under the same conditions to provide negative and positive controls, respectively.
The medium was removed and replaced by control extracts at various concentrations (100%
(v/v), 50% (v/v), 10% (v/v), 1% (v/v)) in the culture medium for 24 h at 37°C. At the end of
the extract incubation period, tests were performed: cell viability (Neutral Red assay) and cell
metabolic activity (MTT assay) [61-62]. The intensity of the colours obtained (red and blue
respectively) is directly proportional to the viability and metabolic activity of the cell
population and inversely proportional to the toxicity of the material. Indirect cytotoxicity tests
were duplicated for each cement composition. The mean values of absorbance measurements
obtained from colorimetric tests and their corresponding standard deviation (±SD) were
calculated. The results are expressed as a percentage of the negative control (plastic) tested
during the same experiment.
Results
Among the various powder mixtures associating reactive amorphous and crystalline CaCO3
phases, the compositions leading to hardened and cohesive cement are reported in table 1. The
liquid-to-solid ratio (L/S) ranges between 0.4 and 0.6 depending on the composition of the
powder mixture probably due to powder particle size, specific surface area and thus to the
powder mixture reactivity. We did not consider these parameters in this preliminary study,
and the amount of solution was determined to allow the formation of a mouldable paste. For
one cement composition, the L/S ratio can vary to some extent but the reported value
corresponds to the optimum final mechanical resistance of the cement.
Of all the powder combinations tested, the ACC2 and vaterite powder mixture (in the
proportion 1:2 respectively) appeared as the most promising formulation for calcium
carbonate cements and was selected for further investigations on these novel calcium
carbonate cements as it presented optimum cement cohesion and mechanical resistance.
However the initial cement compositions are not limited to those presented in table 1 and
other calcium carbonate powder mixtures ((ACC+V) with different L/S ratio and phase
proportions, (Ar+V) mixture and (ACC+Ar) mixture) were tested. They led to setting pastes
but the compressive strengths remained very poor.
Figure 2 showed the X-ray diffraction (XRD) diagram of two hardened cements. It is
interesting to note that the final phase of the (ACC1+V) mixture is calcite whereas that of
(ACC2+V) is mostly aragonite. These results point out the importance of the composition of
the initial mixture of metastable calcium carbonate phases in the orientation of the setting
reactions and the final composition of the cement.
The FTIR spectra in the ν2CO3 domain of cements analysed after different periods of
maturation at 37°C are presented in figure 3. As time elapses, we can clearly notice a decrease
of the absorption band assigned to vaterite (around 875 cm-1) and the appearance of the
absorption band characteristic of aragonite at 855 cm-1 after 2h of maturation at 37°C. The
aragonite band progressively increased for 24h when it reached maximum mechanical
strength. After two days or more, no significant variation was noticed.
To further analyse setting and hardening of the cement evolution, a quantitative study based
on FTIR spectroscopy data in the ν2CO3 domain was carried out. The proportion of aragonite
(w/w) in the cement was determined using the calibration curve presented in figure 1 and is
reported in table 2. The data show a strong increase of the proportion of aragonite during the
first day at 37°C and especially during the first 8 hours. After 2 days, the final cement
composition consisting of 90 % (w/w) aragonite was reached.
The steady increase in the proportion of aragonite was also revealed by SEM observations of
(ACC2+V) cement fragments after various periods of maturation (see figure 4). Indeed, SEM
micrographs indicated a visible change in crystal morphology during cement setting and
hardening, especially between 2 h and 8 h, where the vaterite lentil-like morphology
disappeared while entangled more elongated crystals are visible in figures 4c and 4d. In the
latter micrographs, entangled small needle-like crystals were observed suggesting the
presence of aragonite. These observations corroborated the FTIR spectroscopy and X-ray
diffraction results. Figure 5 showed SEM micrographs of block of hardened cement prepared
with sodium chloride solution (0.9 % NaCl w/w) as liquid phase. We can see the
entanglement of small needles of aragonite (figure 5b) arranged around many spherical
micropores.
The setting time and the cement compressive strength are reported in table 3. Just after mixing
the powder with the liquid phase, the paste was viscous and easily moldable for several
minutes then the cements set and hardened. Faster setting and higher mechanical resistance
were measured for cement prepared with ACC1.
Results of the indirect biocompatibility study following incubation of cells with material
extracts at different dilutions showed no cytotoxicity effect of cements prepared with (ACC1
+ V) and (ACC2 + V) mixtures, see figure 6. Values of cell viability obtained for undiluted
extract were (94 ± 13 )% for (ACC1 +V) and (103 ± 10) % for (ACC2+V) which are close to
the 100% value for the referenced control (plastic). The results of the metabolic activity
measurement for undiluted extract were also close to the 100% value for the referenced
control (plastic) ((108 ± 7 )% for (ACC1 +V) and (93 ± 9) % for (ACC2+V)). In no cases, did
we notice a significant difference for the two cement compositions or between the different
extract dilutions (1 to 100 %).
Discussion
Cement compositions
The calcium carbonate cements presented herein and the trial composition (ACC2+V; 1:2) are
the first biomedical cements entirely consisting of calcium carbonates ever reported. Several
CaP biomedical cement formulations that incorporate a certain proportion of CaCO3 have
been designed, the CaCO3 being present to improve cement mechanical properties, cement
compliance or to create macroporosity but the proportion of calcium carbonate in such
cements did not exceed 15% (w/w) and the final product did not contain only calcium
carbonate phases.
The calcium carbonate cement compositions presented in this paper can be prepared
straightforwardly by simply mixing water (liquid phase) with two calcium carbonate phases
(solid phase) which can be easily obtained by precipitation. The initial composition of
calcium carbonate cements comprising a biphasic powder mixture including amorphous
calcium carbonate and a metastable crystalline phase can be related to the α-BSM cement
concept (ETEX Corporation). The latter involves an amorphous CaP phase and a crystalline
metastable CaP phase (DCPD) acting as a template to facilitate apatite crystal nucleation and
growth [63]. In this new type of calcium carbonate cement, the initial crystalline phase
probably seeded the crystallisation of a more stable calcium carbonate phase. The presence of
such a metastable crystalline phase appears essential for cement setting and hardening as upon
admixture with water, ACC2 powder (pure ACC) did not harden whereas ACC1 powder
(mixture of ACC, calcite and vaterite) set and hardened (data not presented).
The possibility of orienting the recrystallisation of a calcium carbonate polymorph during
cement setting and controlling the phase(s) composition of the hardened cement appeared as
an interesting feature of these cements to adapt their biodegradation properties to the intended
application.
Setting and hardening reaction
In a preliminary study of calcium carbonate cement compositions, especially mixtures of
ACC1 and aragonite (in the proportion 3:1 respectively), FTIR spectroscopy analyses
revealed that cement setting did not occur if vaterite, from the initial metastable CaCO3
powder, remained in the final cement and/or if the proportion of aragonite in the resulting
cement was lower than 50 % (w/w) (data not presented). These preliminary results suggested
that the transformation of vaterite into aragonite was the key reaction of cement setting. In the
present study, we determined the composition of the final phase (FTIR data) comprising
mostly aragonite which indicated that the setting reaction of (ACC2+V) is the recrystallisation
of vaterite into aragonite.
With regards to the FTIR quantification results, aragonite represented 90% w/w of the set
cement and the remaining 10 % could be untransformed vaterite and calcite which are
indistinguishable in the ν2CO3 infrared domain. As aragonite and calcite polymorphs are also
difficult to discriminate in the ν4CO3 infrared domain, X-ray diffraction analysis for the
identification of minor phase(s) possibly existing in the final composition of (ACC2+V)
cement was complementary to FTIR spectroscopy characterisation. The presence of small
amounts of calcite was confirmed as the most intense reflection peak (104) of calcite appeared
very small on (ACC2+V) cement X-ray diagram. (see figure 2). This result suggests that our
evaluation of aragonite proportion in the cement final composition, based on FTIR
spectroscopic data for aragonite-vaterite mixtures, was approximative. Complementary FTIR
analysis of a prepared binary mixture of aragonite and calcite in the proportion 90:10 % w/w,
(data not presented) confirmed the presence of about 10 % (w/w) of calcite in (ACC2+V)
cement. However, for future investigations, we will have to set a semi-quantitative method
applicable to ternary mixture (vaterite, aragonite and calcite) to precisely determine the
transient and  final compositions of CaCO3 cement.
Observations of the changing crystal morphology by SEM confirmed the recrystallisation of
the metastable calcium carbonate phases (amorphous calcium carbonate and vaterite) mostly
into aragonite during setting and hardening. Crystallisation of calcium carbonate polymorphs
and entanglement of crystals are responsible for cement setting and hardening. These
processes are also involved in the setting and hardening of all CaP cements [8]. However, the
type of reaction responsible for setting and hardening these novel calcium carbonate-based
bone cements differs from the well-studied and -developed CaP-based cements in several
aspects. CaP biomedical cements can be classified into two categories: apatite and brushite
cements that respectively lead to hydroxyapatite and brushite (Dicalcium Phosphate
Dihydrate: DCPD) which is converted into apatite in vivo [8, 64]. Two types of setting
reactions can be distinguished for CaP cements: acid-base reaction and/or fast hydrolysis of a
metastable CaP phase into apatite associated with respectively more or less pH variation of
the paste during setting. In the case of calcium carbonate cements, the formation of a more
stable crystalline phase (aragonite or calcite) is probably involved due to a dissolution-
reprecipitation process of the unstable ACC presenting a high solubility. We have shown that
aragonite crystallisation is progressive during the first 24 hours of cement hardening and no
transient phase was detected by FTIR spectroscopy. We can assume that this type of CaCO3
transformation does not lead to significant pH variation of the paste during cement formation.
Moreover, no visible change in pH (solution colour) was observed when fragments of
hardened cement were immersed and equilibrated in the IMDM solution used for the indirect
cytotoxicity test. Thus, it means that the products of the setting reaction and/or the residues
are, as expected, not highly acidic and/or basic compounds.
Studying the transformation mechanism of calcium carbonate in water, Ogino et al. reported
that the gradual transformation of metastable polymorphs (ACC, V and Ar) to the stable form,
calcite, depends on the temperature within the period of time ranging between 60 min to 1300
min [52]. Formation of all three polymorphs (C, Ar, V) was observed around 40°C and the
authors showed that vaterite transformation to aragonite through dissolution-reprecipitation
can be fast (1h) whereas aragonite to calcite transformation is the limiting step as it takes
longer (15h). Even though the amount of water required for calcium carbonate cement
preparation is very low (L/S = 0.6 w/w), water is very probably involved in the (re-
)crystallisation of ACC2 and vaterite. We can consider that for the (ACC2+V) mixture the
setting and hardening processes were too fast to allow complete transformation of metastable
phases up to the most stable CaCO3 polymorph (calcite).
Another parameter that could influence the final cement composition is the presence of
significant amounts of magnesium ions in the ACC2 powder (2.5 % w/w of Mg, data not
presented) which was precipitated from a cationic solution containing magnesium ions.
Several authors reported that adsorption of magnesium ions inhibits the growth and the
dissolution of calcite whereas crystallisation and dissolution processes of aragonite are less
kinetically altered by the presence of Mg2+ [53, 65-68]. Thus, in the case of (ACC2+V),
aragonite would crystallise rather than calcite due to the presence of magnesium ions.
The case of (ACC1+V) cement composition is different as calcite crystals were present in
ACC1 powder and they can seed the recrystallisation of metastable calcium carbonate phases
included in the initial powder mixture (ACC and vaterite).
Further studies need to be done to understand and optimise the setting and hardening reactions
of these emerging calcium carbonate cement compositions.
As the setting and hardening reaction does not induce an increase of cement temperature or
large pH variations in the cement, we can consider association of the paste with biologically
active molecules (growth factors, specific proteins) promoting tissue repair.
Calcium carbonate cement  properties
Even though the compressive strength of the calcium carbonate cement remained poor in all
cases (Rcomp ≤ 13 MPa), such mechanical properties would not be a handicap for in vivo
applications such as bone filling especially in low mechanical stress locations. Moreover,
these properties can probably be improved by optimising the specific surface area of the
reactive powders and thus the L/S ratio. Shorter setting times and higher compressive
strengths were obtained for the (ACC1+V) mixture which led to cement mostly consisting of
calcite (Table 3). The lower liquid-to-solid ratio can explain the differences observed in
mechanical properties but the effect of calcite crystal entanglement should also be considered.
However, as the preparation of such a cement involved the metastable ACC1 the complex
composition of which is difficult to control during synthesis, we decided to discard this
composition for future investigations on calcium carbonate cements. Furthermore, aragonite,
which the (ACC2+V) hardened cement mostly comprises, has been used as a biocompatible
and bioactive  biomaterial for more than 20 years.
The excellent cytocompatibility of the calcium carbonate cement compositions revealed by
indirect cytotoxicity evaluation is probably related to the stability of pH involved in the
setting reaction and the low solubility of the calcium carbonate involved. Another advantage
of such calcium carbonate cements is that their in vivo biodegradation would release calcium
and carbonate ions and/or CO2 which are non-cytotoxic metabolites under the metabolic
control of the organism.
Observations of the hardened cement body by scanning electron microscopy showed that the
cement prepared either with water or sodium chloride solution as liquid phase was
microporous. However, the use of sodium chloride solution lead to a more structured cement
with numerous spherical micropores that appeared interconnected. In future investigations we
can consider introducing macroporosity into calcium carbonate cement based on the easy
release of gaseous CO2 in slightly acidic conditions which could allow cell rehabitation and
bone formation within the cement. An open macroporosity associated with this new type of
cement would enable macroporous calcium carbonate blocks to be prepared at low
temperature which can be very interesting for tissue engineering applications.
The expected higher rates of cement biodegradation and bone reconstruction after in vivo
implantation of this cement compared to CaP cements would be a decisive advantage for the
development of calcium carbonate cement formulations especially to improve bone
regeneration in dental or orthopaedic surgery.
Conclusions
The feasibility of calcium carbonate biomedical cements composed of 100 % CaCO3 has been
demonstrated and an original cement composition was proposed. Following the phase
composition during the setting and hardening periods evidenced the recrystallisation of the
initial metastable calcium carbonate phases mostly into aragonite and/or calcite depending on
the initial powder mixture. We did not detect any toxic effects for the human osteoprogenitor
cells suggesting good cytocompatibility of CaCO3 cement compositions.
References
1. Chiroff RT, White EW, Weber JN, Roy DM. Tissue ingrowth of Replamineform implants.
J Biomed Mater Res 1975; 9: 29-45.
2. Begley CT, Doherty MJ, Mollan RAB, Wilson DJ. Comparative study of the
osteoinductive properties of bioceramic, coral and processed bone graft substitutes.
Biomaterials 1995; 16: 1181-1185.
3. Roudier M, Bouchon C, Rouvillain JL, Amédée J, Bareille R, Rouais F, Fricain JC, Dupuy
B, Kien P, Jeandot R. et al. The resorption of bone-implanted corals varies with porosity but
also with host reaction. J. Biomed Mater. Res. 1995; 29: 909-915.
4. Piattelli A, Podda G, Scarano A. Clinical and histological results in alveolar ridge
enlargement using coralline calcium carbonate. Biomaterials 1997; 18: 623-627.
5. Guillemin G, Patat JL, Meunier A. Natural corals used as bone graft substitutes. Bulletin de
l’Institut Océanographique de Monaco 1995; 14(3): 67-77.
6. Lorin C, Melin AM, Chenu JP, Perromat A, Deleris G. Postoperative plasma metabolic
consequences of an osseous substitute implantation: analysis by fourier transform infrared
spectroscopy. Appl. Spectrosc. 2004; 58: 332-337.
7. Vuola J, Bohling T, Kinnunen J, Hirvensalo E, Asko-Seljavaara S. Natural coral as bone-
defect-filling material. J Biomed Mater Res 2000; 51: 117-122.
8. Bohner M. Calcium orthophosphates in medicine: from ceramics to calcium phosphate
cements. Injury, Int.J. Care Injured 2000; 31: S-D37-47.
9. Brown WE, Chow LC. A new calcium phosphate, water-setting cement. In PW Brown
editor, Cements Research Progress 1986,Westerville OH, The Am. Ceram. Soc. (1987), 352-
379.
10. Mirtchi AA, Lemaître J, Terao N. Calcium phosphate cements: study of the β-tricalcium
phosphate-monocalcium phosphate system. Biomaterials 1989; 10: 475-480.
11. Constantz BR, Ison IC, Fulmer MT, Poser RD, Smith ST, VanWagoner M, Ross J,
Goldstein SA, Jupiter JB, Rosenthal DI. Skeletal repair by in situ formation of the mineral
phase of bone. Science 1995; 267: 1796-1798.
12. Lee D, Rey C, Aiolova M, Tofighi A. Methods and products related to the physical
conversion of reactive amorphous calcium phosphate, US patent N° 6117456, 2000.
13. Ginebra MP, Fernandez E, De Maeyer EA, Verbeeck RM, Boltong MG, Ginebra J,
Driessens FC, Planell JA. Setting reaction and hardening of apatitic calcium phosphate
cement. J Dent Res 1997; 76: 905-912.
14. Kon M, Miyamoto Y, Asaoka K, Ishikawa K, Lee HH. Development of calcium
phosphate cement for rapid crystallization to apatite. Dent Mater J 1998; 17: 223-232.
15. Hatim Z, Frèche M, Keribech A, Lacout JL, The setting mechanism of a phosphocalcium
biological cement. Ann Chim Sci Mat 1998; 23: 65-68.
16. Dos Santos LA, De Oliveira LC, Rigo EC, Carrodeguas RG, Boschi AO, De Arruda AC.
Influence of polymeric additives on the mechanical properties of α-tricalcium phosphate
cement. Bone 1999, 25: 99S-102S.
17. De Maeyer EA, Verbeeck RM, Vercruysse CW. Conversion of octacalcium phosphate in
calcium phosphate cements. J Biomed Mater Res 2000; 52: 95-106.
18. Rey C, Tofighi A, Mounic S, Combes C, Lee D. Biomimetism and Calcium Phosphate
Cements. In: Mainard D, Louis JP, editors. Actualités en Biomatériaux vol. VI, Paris:
Editions Romillat, 2002. p. 27-37
19. Bohner M. New hydraulic cements based on α-tricalcium phosphate-calcium sulfate
dihydrate mixtures. Biomaterials  2004; 25: 741-749.
20. Ikenaga M, Hardouin P, Lemaître J, Andrianjatovo H, Flautre B. Biomechanical
characterization of a biodegradable calcium phosphate hydraulic cement: A comparison with
porous biphasic calcium phosphate ceramics. J Biomed Mater Res 1998; 40: 139-144.
21. Brecevic L, Nielsen AE. Solubility of amorphous calcium carbonate. J Crystal Growth
1989; 98: 504-510.
22. Heughebaert JC, Nancollas GH. Kinetics of crystallization of octacalcium phosphate. J
Phys Chem 1984; 88 : 2478-2480.
23. Braye F, Irigaray JL, Jallot E, Oudadesse H, Weber G, Deschamps N, Deschamps C,
Frayssinet P, Tourenne P, Tixier H, Terver S, Lefaivre J, Amirabadi A. Resorption kinetics of
osseous substitute: natural coral and synthetic hydroxyapatite. Biomaterials 1996; 17: 1345-
1350.
24. Mirtchi A, Lemaître J, Munting E. Calcium phosphate cements: study of the β-tricalcium
phosphate-dicalcium phosphate-calcite cements. Biomaterials 1990; 11: 83-88.
25. Khairoun I, Boltong MG, Driessens FCM, Planell JA. Effect of calcium carbonate on  the
compliance of an apatitic calcium phosphate bone cement. Biomaterials 1997; 18: 1535-1539.
26. Fernandez E, Gil FJ, Best SM, Ginebra MP, Driessens FCM, Planell JA. Improvement of
the mechanical properties of new calcium phosphate bone cements in the CaHPO4-α-
Ca3(PO4)2 system: Compressive strength and microstructural development. J Biomed Mater
Res 1998; 41: 560-567.
27. Watabe N. Crystal growth of calcium carbonate in the invertebrates. Prog Crystal Growth
Charact 1981; 4: 99-147.
28. Aizenberg  J, Lambert G, Weiner S, Addadi L. Factors involved in the formation of
amorphous and crystalline calcium carbonate: a study of an Ascidian skeleton. J Am Chem
Soc 2002; 124: 32-39.
29. Atlan G, Delattre O, Berland S, LeFaou A, Nabias G, Cot D, Lopez E. Interface between
bone and nacre implants in sheep. Biomaterials 1999; 20: 1017-1022.
30. Kreklau B, Sittinger M, Mensing MB, Voigt C, Berger G, Burmester GR, Rahmanzadeh
R, Gross U. Tissue Engineering of biphasic joint cartilage transplants. Biomaterials 1999; 20:
1743-1749.
31. Velich N, Nemeth Z, Toth C, Szabo G. Long-term results with different bone substitutes
used for sinus floor elevation. J Craniofac Surg 2004; 15: 38-41.
32. Souyris F, Pellequer C, Payrot C, Servera C. Coral, a new biomedical material.
Experimental and first clinical investigations on Madreporaria. J Maxillofac Surg 1985; 13:
64-69.
33. Walsh WR, Chapman-Sheath PJ, Cain S, Debes J, Bruce WJM, Svehla MJ, Gillies RM. A
resorbable porous ceramic composite bone graft substitute in a rabbit metaphyseal defect
model. J Othop Res 2003; 21: 655-661.
34. Guillemin G, Meunier A, Dallant P, Christel P, Pouliquen JC, Sedel L. Comparison of
coral resorption and bone apposition with two natural corals of different porosities. J Biomed
Mater Res 1989; 23: 765-779.
35. Fricain JC, Roudier M, Rouais F, Basse-Cathalinat B, Dupuy B. Influence of the structure
of three corals on their resorption kinetics. J Periodontal Res 1996; 31: 463-469.
36. Arnaud E, de Pollak C, Meunier A, Sedel L, Damien C, Petite H. Osteogenesis with coral
is increased by BMP and BMC in a rat cranioplasty. Biomaterials 1999; 20: 1909-1918.
37. Demers C, Tabrizian M, Petit A, Hamdy RC, Yahia LH. Effect of experimental
parameters on the in vitro release kinetics of transforming growth factor β1 from coral
particles. Biomed Mater Eng 2002; 12: 15-35.
38. Harris CT, Cooper LF. Comparison of bone graft matrices for human mesenchymal stem-
cell-directed osteogenesis. J Biomed Mater Res 2004; 68: 747-755.
39. Berland S, Delattre O, Borzeix S, Catonné Y, Lopez E. Nacre/bone interface changes in
durable nacre endosseous implants in sheep. Biomaterials 2005; 26: 2767-2773.
40. Vuola J, Taurio R, Goransson, Asko-Seljavaara S. Compressive strength of calcium
carbonate and hydroxyapatite implants after bone-marrow-induced osteogenesis. Biomaterials
1998; 19: 223-227.
41. Hosoi K, Hashida T, Takahashi H, Yamasaki N, Korenaga T. Low temperature
solidification of calcium carbonate through vaterite-calcite wet transformation. J Mater
Science Letters 1996;15: 812-814.
42. Lucas-Girot A, Langlois P, Sangleboeuf  JC, Ouammou A, Rouxel T, Gaude J. A
synthetic aragonite-based bioceramic: influence of process parameters on porosity and
compressive strength. Biomaterials 2002; 23: 503-510.
43. Lucas A, Gaude J, Carel C, Michel JF, Cathelineau G. A synthetic aragonite-based
ceramic as bone graft substitute and substrate for antibiotics. Int J Inorg Mater 2001; 3: 87-94.
44. Blom EJ, Klein-Nulend J, Wolke JGC, Van Waas MAJ, Driessens FCM, Burger EH.
Transforming growth factor-β1 incorporation in a calcium phosphate bone cement: Material
properties and release characteristics. J Biomed Mater Res 2002; 59: 265-272.
45. Fontaine ML, Combes C, Sillam T, Dechambre G, Rey C. New calcium-carbonate-based
cements for bone reconstruction. Key Engineering Materials 2005; 284-286: 105-108.
46. Fontaine ML, Combes C, Mounic S, Rey C. Composition de ciment hydraulique à base de
carbonates de calcium. FR Patent N° 2830249, 2001.
47. Chakrabarty D, Mahapatra S. Aragonite crystals with unconventional morphologies. J
Mater Chem 1999; 9: 2953-2957.
48. Kawano J, Shimobayashi N, Kitamura M, Shinoda K, Aikawa N. Formation process of
calcium carbonate from highly supersaturated solution. J Crystal Growth 2002; 237-239: 419-
423.
49. Hu Z,  Deng Y. Synthesis of needle-like aragonite from calcium chloride and sparingly
soluble magnesium carbonate. Powder technology 2004; 140: 10-16.
50. Seo KS, Han C, Wee JH, Park JK, Ahn JW. Synthesis of calcium carbonate in a pure
ethanol and aqueous ethanol solution as the solvent. J Crystal Growth 2005; 279: 680-687.
51. Kabasci S, Althaus W, Weinspach PM. Batch-precipitation of calcium carbonate from
highly supersaturated solutions. Trans IChemE 1996; 74(A): 765-772.
52. Ogino T, Suzuki T, Sawada K. The formation and transformation mechanism of calcium
carbonate in water. Geochimica Cosmochimica Acta 1987; 51:2757-2767.
53. Loste E, Wilson RM, Seshadri R, Meldrum F. The role of magnesium in stabilising
amorphous calcium carbonate and controlling calcite morphologies. J Crystal Growth 2003;
254: 206-218.
54. Xyla AG, Koutsoukos PG. Quantitative analysis of calcium carbonate polymorphs by
infrared spectroscopy. J Chem Soc, Faraday Trans1: Physical Chemistry in Condensed Phases
1989; 85: 3165-3172.
55. Koyontannis CG, Vagenas NV. Calcium carbonate phase analysis using XRD and FT-
Raman spectroscopy. Analyst 2000; 125: 251-255.
56. Dickinson SR, McGrath KM. Quantitative determination of binary and tertiary calcium
carbonate mixtures using powder X-ray diffraction. Analyst 2001; 126: 1118-1121.
57. Vagenas NV, Gatsouli A, Kontoyannis CG. Quantitative analysis of synthetic calcium
carbonate polymorphs using FT-IR spectroscopy. Talanta 2003; 59: 831-836
58. AFNOR6NF EN 30993-5. Evaluation biologique des dispositifs médicaux. Partie 5: essais
concernant la cytotoxicité : Méthodes in vitro. Novembre 1994.
59. ISO10993-5. Biological evaluation of medical devices. Test for cytotoxicity: in vitro
methods. 1992
60. Vilamitjana-Amédée J, Bareille R, Rouais F, Caplan AI, Harmand MF. Human bone
marrow stromal cells express an osteoblastic phenotype in culture.  In Vitro Cell Dev Biol
Anim 1993; 29A: 699-707.
61. Parish CR, Mullbacher A. Automated colorimetric assay for T cell cytotoxicity. J
Immunol Methods 1983; 58: 225-37.
62. Mosmann T. Rapid colorimetric assay for cellular growth and survival: Application to
proliferation and cytotoxicity assays. J Immunol Methods 1983; 65: 55-63.
63. Tofighi A, Mounic S, Chakravarthy P, Rey C, Lee D. Setting reactions involved in
injectable cements based on amorphous calcium phosphate. Key Engineering Materials 2001;
192-195: 769-772.
64. Penel G, Leroy N, Van Landuyt P, Flautre B, Hardouin P, Lemaître J, Leroy G. Raman
Microspectrometry studies of brushite cement: in vivo evolution in a sheep model. Bone
1999; 25: 81S-84S.
65. Meldrum FC, Hyde ST. Morphological influence of magnesium and organic additives on
the precipitation of calcite. J Crystal Growth 2001; 231: 544-558.
66. Raz S, Hamilton PC, Wilt FH, Weiner S, Addadi L. The transient phase of amorphous
calcium carbonate in sea urchin larval spicules: the involvement of proteins and magnesium
ions in its formation and stabilization. Adv Funct Mater 2003; 13: 480-486.
67. Mitsutaka K. Crystalllization and transformation mechanism of calcium carbonate
polymorphs and the effect of magnesium ion. J Colloid Interface Sci 2001; 236: 318-327.
68. Sabbides TG, Koutsoukos PG. The dissolution of calcium carbonate in the presence of
magnesium and inorganic orthophosphate. In: Amjad Z, editor. Mineral scale formation and
inhibition., New York: Plenum, 1995. p.73-86.
Figure 1: Quantitative analysis of aragonite weight proportion in aragonite-vaterite mixtures
using FTIR spectroscopy data:
a) Example of decomposition of the ν2CO3 band (920-820 cm-1) of (ACC2+V) cement
b) Calibration curve giving aragonite peak area on ν2CO3 band total area ratio versus
the aragonite proportion (w/w) in aragonite-vaterite mixture.
Figure 2: X-ray diffraction diagrams of the ending phase(s) of calcium carbonate cements
prepared with a) ACC1+V (1:1; L/S=0.5) and b) ACC2+V (1:2; L/S=0.55).
Figure 3: FTIR spectra in the ν2CO3 domain (920-820 cm-1) of the cement (ACC2+V; 1:2;
L/S=0.55) during setting and hardening.
Figure 4: SEM micrographs of the (ACC2+V) cement fragments during setting and
hardening.
a) (ACC2 + V) powders initial mixture
b) cement after 2 hours of maturation
c) cement after 8 hours of maturation
d) cement after 2 days of maturation
Figure 5: SEM micrographs of the (ACC2+V) cement prepared with sodium chloride
solution (0.9 % NaCl w/w) as liquid phase.
a) Magnification: x 1000
b) Magnification: x 2500
Figure 6: Indirect cytotoxicity evaluation of the two calcium carbonate cement compositions
a) Cell viability
b) Metabolic activity
  Table 1: Calcium carbonate cements: initial compositions.
Powder mixtures Powder weight ratio L/S (w/w)
ACC1 + V 1:2 0.4
ACC2 + V 1:1 0.55
ACC2 + V 1:2 0.6
ACC2 + V 1:3 0.5
  L = liquid; S = solid
  V = vaterite
  ACC1 and ACC2: amorphous calcium carbonate prepared in different
    conditions
Table 2: Proportion of aragonite (w/w) determined from FTIR spectroscopy data (calibration
curve in figure 3b) of the (ACC2+V) cement during setting and hardening.
Time Area ratio
(Ar / total area)
Proportion of
Aragonite (w/w)
5 min 0.11 12 %
2 h 0.20 22 %
4 h 0.28 31 %
8 h 0.52 58 %
1 day 0.73 81 %
2 days 0.81 90 %
6 days 0.82 91 %
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